Knowledge of the emerging pathways of cell death downstream of the p53 tumor suppressor and the TRAIL deathinducing ligand is suggesting ways to improve therapeutic design in cancer. In contrast to its unique G1 cell cycle arresting mechanism that is maintained by p21 WAF1 , there are signals transduced by p53 to multiple apoptotic effectors perhaps due to the importance of apoptosis in suppressing tumors. There is evidence for cytoplasmic as well as mitochondrial activation of caspases downstream of p53, although in some cell lineages the signal ultimately involves the mitochondria. The TRAIL signaling pathway appears promising for therapeutic development despite sharing some similarities with the toxic Fas and TNF pathways, in terms of effector molecules and downstream signals. One of the key findings is the tissue specificity of cell death responses, a feature that could be exploited in strategies to widen the therapeutic window of combination cancer therapies. Efforts continue to develop p53-targeted cancer therapy, and novel clues to enhance or block specific effectors may improve therapeutic design. Cell Death and Differentiation (2001) 8, 1066 ± 1075.
Introduction
One of the goals of the discipline of Molecular Oncology is to develop novel rational therapeutic strategies based on the specific molecular defects in human cancer. In the effort to develop novel therapies, one needs to identify targets that are different between normal cells and cancer cells. While microarrays provide a tool to discover specific differences between cancer and normal cells, as well as specific alterations in a given patient's tumor, p53 is a known target which is frequently overexpressed in mutant form in human cancer. Because p53 is also the most commonly mutated gene in human cancer and the p53 pathway is involved in the vast majority of tumors without mutations in p53, this p53 protein becomes an ideal target for therapeutic development in cancer. p53 abnormalities represent a fundamental difference between cancer cells and normal cells and as such they can be exploited in therapeutic design. Besides being an ideal target, p53 and its ability to induce tumor growth suppression through cell cycle arrest and the induction of apoptosis has been implicated in the cellular response to DNA damaging radiotherapy and chemotherapy. 1, 2 The emerging understanding of the pathways upstream and downstream of p53, and their signal-or tissue-specificity is providing a basis to develop more effective therapies. In addition to targeting the p53 pathway, there are emerging strategies that target the p53 molecule itself. These include small molecules that can inhibit wild-type p53 function or other agents that are capable of restoring wild-type p53 function in human cancer cells with mutant p53 protein. 3, 4 Yet other strategies are targeting key protein ± protein interactions of p53 that disrupt its function in cancer. 5 ± 7 The TRAIL ligand and its signaling pathway is of interest for cancer therapy for a number of reasons. There are few agents that are truly cancer cell specific in terms of efficacy or cell death induction. TRAIL is an example of a molecule which specifically kills transformed and cancer cells but not most normal cells. 8 This property has stimulated much work to understand the difference between the effect of TRAIL towards normal versus cancer cells, as well as efforts to understand defects in TRAIL signaling in cancers that fail to respond to its cytotoxic effects. One of the TRAIL receptors, KILLER/DR5, has been implicated in the cellular response to DNA damaging radiation or chemotherapy as a target of p53. 9 Thus, although one of the attractive features of TRAIL is its ability to kill cancers with mutations in the p53 gene, the combination of TRAIL with chemotherapeutic agents has been found to be particularly effective in killing cancers with wild-type p53, presumably through induction of KILLER/DR5 expression.
Strategies that enhance death of cancer cells, while having low toxicity towards normal cells are needed in order to deliver successful therapy with an acceptable therapeutic window.
p53, cancer and therapy
The p53 gene is the most commonly altered gene in human cancer, being involved through mutation in over 50% of all of human cancers world-wide. It is now believed that the vast majority of the cancers without mutational inactivation of p53 have alterations in the p53 pathway. 12 This can occur through the targeted degradation of p53 induced by MDM2 amplification or overexpression, through human papillomavirus types 16 or 18 E6 protein which also targets p53 for degradation through the cellular E6-AP, and through deletion of the ARF gene which is upstream of p53. Because of the frequency of involvement of the p53 pathway in human cancer, it becomes an ideal target for therapeutic development as a basic difference between normal cells and cancer cells. An important ongoing drug development strategy is using ONYX-015, an E1B-deleted adenovirus with the ability to selectively replicate in p53-deficient or ARF-deficient cells, but not normal cells is currently in Phase II clinical trials.
13 p53 mutations are also inherited in the germline of affected members of most Li-Fraumeni cancer prone families. These individuals are predisposed to breast cancer, sarcomas, brain tumors and leukemias, at a young age, in addition to other more common tumor types such as colon or lung cancer. Recent work has identified CHK2 mutations in some LiFraumeni kindreds without p53 mutation, providing more evidence for the involvement of other components of the p53 pathway.
14 Another familial cancer predisposing syndrome that targets the p53 pathway is Ataxia Telangiectasia, where individuals inherit mutations in the ATM gene, another upstream kinase that regulates p53 in the cellular DNA damage response pathway. 15 Mice deficient in p53 develop normally but are highly predisposed to spontaneous tumors. 16 The majority of p53 homozygous-null mice develop lymphomas and sarcomas before 6 months of age and most are dead by 9 months. The heterozygous mice also develop tumors with longer latency and with more occurrences of adenocarcinomas, although lymphomas and sarcomas are still the most common tumors. In an Rb-deficient background p53-null mice develop endocrine tumors and in a telomerase-null background they are predisposed to epithelial tumors with a variety of non-reciprocal translocations. 17, 18 p53 deficiency prolongs survival of MDM2-null mice to term and partially rescues BRCA1-null embryos. 19 ± 21 p53-deficient cells have been known for about a decade to harbor genomic instability, a feature also observed in older fibroblasts derived from Li-Fraumeni patients. 22, 23 A recent experiment has shed some light on the relationship of genomic instability and the tumor prone phenotype due to dysfunctional p53. 24 The growth arrest and DNA damage-inducible gene GADD45, originally discovered as an upregulated transcript in UV-exposed cells is a downstream transcriptional target of p53. 25 The generation of a GADD45 knockout mouse has allowed the examination of GADD45-null cells which, like p53-null cells, have genomic instability. However, the GADD45-null mice do not develop spontaneous tumors, unless they are also exposed to ionizing radiation. These experiments appear to have uncoupled genomic instability from tumor susceptibility, i.e. genomic instability is a contributing factor but is not sufficient for tumor development.
p53 is a potent tumor suppressor gene such that if added back into cancer cells it suppresses growth despite other molecular genetic changes in the cells. 26, 27 This is particularly relevant and important as a therapeutic strategy, for example in the gene therapy of cancer. p53 induces growth arrest and/or apoptosis either when exogenously administered or through its involvement in the cellular response to DNA damage.
In addition to clearly playing a role in cancer susceptibility, p53 appears to be a major determinant of sensitivity of cells to chemo-and radiotherapy. 28 Some of the evidence has come from studies of p53-null mouse thymocytes which are radio-resistant unlike thymocytes expressing wild-type p53.
29 p53-null fibroblasts that also express E1A and ras oncogenes are also resistant not only to ionizing radiation, but also to a number of DNA damaging chemotherapeutic agents. 30 In the mouse cells the presence of E1A and ras confers to the wild-type fibroblasts sensitivity to DNA damaging agents. Additional evidence for the role of p53 in chemo-and radio-sensitivity has come from the NCI cell screen. 31 While we are still learning about the complex gene expression profiles, one of the early results was that the vast majority of clinically useful agents are most effective in killing wild-type p53-expressing cells. It is important to point out that some data suggests that p53 may be important as an early event in cell fate, but that eventually especially at higher doses both p53 wild-type and p53-null cells are killed by radiation through`reproductive death'. Such criticisms are important to note in deciding which assay one uses to determine the effect of a particular therapy. 32 ± 34 The early difference in sensitivity between wild-type and mutant p53-expressing cells offers an opportunity to develop more effective Figure 1 Desirable strategy to achieve therapeutic benefit in cancer therapy. Agents which effectively kill cancer cells are useful to the extent that toxicity to normal cells is tolerated. It is clear that therapeutic benefit can be achieved by increasing apoptosis of cancer cells as well as by lowering toxicity to normal cells upon exposure to anticancer therapy p53 and TRAIL-based cancer therapy WS El-Deiry therapies. Based on the results from the NCI cell screen, there are efforts to screen for agents which can selectively kill p53-deficient cells. Taxol is an example of one such agent which has been in clinical use for over a decade, and was recognized later in the cell screen as more likely to kill p53-deficient cells. 31 There are other compounds that are known to more efficiently or to preferentially kill p53-deficient cells and some of them have even gone to clinical trials but failed because of toxicity. 31 The hope is that some of these agents could be revisited and modified in ways to reduce toxicity while maintaining specificity for p53-mutant or p53-null cells. 31 Regulation, structure, and signals downstream of p53
Clear and distinct signaling pathways are emerging upstream of p53 stabilization in response to a number of stresses. 35, 36 There appear to be at least three or more main pathways upstream of p53. 1, 37 The now classical DNA damage response pathway involves kinases that become`activated' through unclear mechanisms upon cellular exposure to DNA damaging agents such as ionizing radiation or topoisomerase II inhibitors ( Figure 2 ). These DNA damaging agents cause breaks in the cellular DNA which may be an initiating signal. Once`activated' the kinases ATM or CHK2 can each phosphorylate p53 on N-terminal residues within its transactivation domain thereby leading to increased p53 activity. Specifically, physical association between p53 and ATM leads to phosphorylation on serine 15 of p53 which is now believed to enhance its transcriptional activity rather than leading to an increase in its half-life per se.
38 ATM also acts on CHK2 to phosphorylate it. 15 CHK2 in turn phosphorylates p53 on serine 15 which disrupts its binding to its negative regulator MDM2 which is an E3 ubiquitin ligase. Release of MDM2 from p53 leads to p53 protein stabilization which in turn allows p53 to mediate its potent downstream effect on cell growth suppression. 37 DNA damage initiated signals leading to activation of ATM and CHK2 have recently been recognized to also target the phosphorylation of MDM2 further inhibiting MDM2:p53 interaction. 39 In addition to targeting p53 for ubiquitin-mediated proteolysis, and directly interacting with and physically blocking the transactivation domain of p53, MDM2 interaction also targets p53 for nuclear export thereby also facilitating its degradation and inhibiting its effects on gene expression in the nucleus. 40 It is of interest that the degradation of p53 by MDM2 utilizes different structural requirements within p53 as compared to the human papillomavirus E6-targeted degradation. 41 A second pathway involving the ARF protein appears to constitute the cellular response to inappropriate growth signals, the so-called`oncogene checkpoint'. For over two decades it has been observed that p53 protein levels are high in transformed cells. For example, p53 was originally isolated as a highly expressed protein that bound to SV40 large T-antigen in transformed cells or as an aberrantly expressed`tumor antigen'. It was also known that a number of cellular and other viral oncogenes can increase the expression level of cellular p53. These include c-Myc, ras, and adenovirus E1A proteins. It has recently become clear that ARF, the alternative-reading frame at the INK4A locus, is a protein that interacts with MDM2 thereby sequestering it in nucleolar structures away from p53 which can then become more stable. 36 There is recent evidence that ARF has p53-independent, MDM2-dependent effects on growth suppression through an as yet unclear mechanism. 42 There Figure 2 Cell cycle arrest mediated by p53 targets and other DNA damage checkpoint proteins. In G1 phase, exposure of cells to DNA damaging ionizing radiation leads to rapid degradation of cyclin D1 and cdc25a. A slower transcriptional activation of p21WAF1 leads to inhibition of cyclin-dependent kinase activity, Rb hypophosphorylation and growth arrest of cells in G1. In G2, DNA damage leads to inactivation of cdc25 proteins through several mechanisms that ultimately arrest cell growth. In addition, transcriptional control of p53 target genes such as GADD45, 14-3-3s, and p21WAF1 serves to maintain a G2 arrest. ATM and ATR also regulate S-phase checkpoints in response to DNA damage. p53 is regulated by other proteins such as MDM2 and p14ARF which ultimately control its stability and nuclear localization. p53 controls other transcriptional targets that lead to apoptosis or growth inhibition is also evidence for MDM2-independent nuclear export of p53 following DNA damage through a newly discovered nuclear export signal in the amino-terminal region of p53. 43 A third pathway is triggered by exposure to UV radiation. This UV-initiated p53 stabilization does not require ATM, but may utilize a related kinase called ATR. 44, 45 DNA replication blockade also triggers p53 stabilization in an ATM-independent manner. 46, 47 The ultimate effect of the signals upstream of p53 appear to lead to release of MDM2 from p53. This is the basis of a drug development strategy whose aim is to deliver peptides or small molecules into cells that still have wild-type p53 but which may overexpress MDM2. Such peptides which may fit into the p53:MDM2 interacting groove may and displace MDM2 thereby stabilizing the tumor suppressor p53. 48 Not all upstream signals target the N-terminus and MDM2 binding. It is known that ATM can also activate an unknown phosphatase that dephosphorylates p53 near the C-terminus, thereby creating a 14-3-3 binding site that appears to enhance DNA binding activity. 49 It is also known that C-terminal acetylation events can activate DNA binding by p53. 50 Yet another pathway leading to p53 activation may involve phosphorylation at serine 46 which may result in a p53 protein more likely to induce cell death through target gene selectivity, i.e. p53AIP1. 51 Acetylation and apoptosis-specific phosphorylation events may provide other targets for drug development.
The open reading frame of wild-type p53 encodes a 393 amino acid polypeptide with a central DNA binding domain between aa 100 ± 300. 37 The N-terminal region (aa 1 ± 42) encodes a potent transactivation domain, and the Cterminal region encodes an oligomerization domain, a nuclear localization signal, acetylation, phosphorylation and dephosphorylation sites and a domain that can regulate DNA binding. Most tumor-derived hotspots in p53 are within its DNA binding domain. In fact one of the most elegant results of the past decade was the demonstration with the crystal structure of the DNA binding domain that several of the hotspots in human cancer are residues that normally directly contact the p53 DNA-binding consensus response element. 52 Such evidence has supported the thesis that the sequence-specific DNA-binding property of p53 protein is critical for its function as a tumor suppressor. There is an alternatively spliced form of p53 and it is now known that there are two other mammalian homologues of p53. 53 These homologues are p63 and p73. Alternatively spliced forms of p63 may be aberrantly overexpressed in some tumors and p73 may be silenced in other tumors. 54, 55 The evidence thus far is weak, indicating that either p63 or p73 are tumor suppressor genes. However, there is a growing literature on interactions between p73 and tumorderived mutant p53, as well as recent evidence that p73 may be regulated by E2F1, a protein that is involved in p53-independent DNA damage-induced cell death. 56 As such, these observations provide clues for drug development strategies that may increase expression of p53 family members or enhance sequestration of mutated p53 by p53 family members. There appears to be only one p53 family member in Drosophila, and this homologue is most similar to p53 versus p63 or p73. 57, 58 It has been observed that HPV 16 or 18 E6 protein, which targets p53 for degradation in cervical cancers exposed to these pathogenic strains, does not target the p53 family member p73 for degradation. 59 Such observations form the basis for a gene replacement therapeutic strategy relying on p73 to induce apoptosis in HPV(+) cervical cancers. There are other strategies that are aimed at targeting the E6/E6-APdependent pathway of p53 degradation. 59 Once activated through phosphorylation, dephosphorylation, acetylation or protein ± protein interactions, p53 acts as a tumor suppressor through effects on gene expression. 1, 37 There is a growing list of target genes, which are repressed by p53. Although the mechanism of repression is not yet clear, and appears not to be mediated through sequencespecific DNA binding (at least of its known target binding DNA sequence), several of the targets may be necessary to suppress in order for p53 to suppress growth or induce cell death. The clearest mechanisms downstream of p53 involve the direct upregulation of expression of target genes containing p53 DNA-binding consensus sites in their regulatory regions. 1, 37 In the case of cell cycle arrest, p53 transcriptionally upregulates p21 WAF1 , the universal cell cycle inhibitory protein which arrests cells primarily in the G1-phase (Figure 2) . Recent data has shown that rapid p53-independent events following DNA damage involving degradation of cdc25a and cyclin D1 initiate G1 cell cycle arrest, whereas the transcriptional response by p53 to upregulate p21 is required for maintaining the cell cycle arrest. 60 Although there are other targets of p53 implicated in G2 arrest, namely 14-3-3s and GADD45, G1 arrest appears thus far to be the sole function of p21 (Figure 2 ). It is a unique feature of the cell cycle arrest response that one gene, p21, is uniquely upregulated and seemingly sufficient to induce G1 arrest. Although p21 is also induced in cells undergoing cell death, it appears not to induce cell death and the general belief at present is that p21 can protect cells from cell death caused by a variety of insults. p53 can induce expression of several proteins which are secreted including IGF-BP3, TSP1, and BAI1. 1, 37 The latter two are inhibitors of angiogenesis. With regard to apoptosis, the picture that is emerging is complex and appears to involve the upregulation of a growing list of downstream target genes. The recent generation of a transactivation-deficient knock-in p53 mouse has provided some of the best evidence that the transcriptional activation property of p53 is essential for tumor suppression. 61 
p53 pathways of apoptosis and cancer therapy
The transcriptional targets upregulated by p53 which can inturn induce apoptosis fall into at least three categories: death domain containing proteins including two proapoptotic death receptors, proteins that act at the levels of the mitochondria including two proapoptotic Bc12 family members and three inhibitors of antiapoptotic Bc12 family members, and a third group of proteins that lead to the generation of reactive oxygen species. 1, 37 One of the clear results thus far is that no one target of p53-dependent apoptosis can fully account for the loss of death phenotype observed in cells-deficient for p53 ( Figure 3 ). Thus one of the important questions is why are there so many targets of p53 that can induce cell death? Are all these targets and pathways used each time p53 induces cell death? One scenario is there may be tissue specificity or signal specificity to the response. There may even be some built-in redundancy in the signaling pathway, because of its importance in suppressing cancer.
In considering the importance of targets of p53 in the cell death response, it has sometimes been argued that many targets may be`artifacts', (of overexpression of p53). Such generalizations risk overlooking potentially very important targets, including ones that may ultimately prove to be key targets for drug development. It is clear that genes containing classical p53 DNA-binding consensus response elements are excellent candidates for regulation by p53. It also seems somewhat intuitively obvious that cells which expend energy and utilize building blocks to upregulate gene expression would not do so for no reason or in a wasteful manner. It is therefore not unreasonable to presume that if a cell upregulates a death-inducing gene in response to p53 stabilization or overexpression, such a gene may be involved in the death response. Such a gene may be necessary but not sufficient, or it may not even be required under certain conditions. p53 is a transcription factor that has had plenty of time to evolve from the Drosophila homologue to respond to a variety of signals and to potentially be subject to a number of modifications or cellular interactions that modulate its target gene selectivity. This`target gene selectivity' hypothesis remains one of the best models to at least begin to explain the divergent phenotypes (e.g. arrest or apoptosis) observed in response to p53 activation. The property of p53 as a transcription factor, with the exception of the unique p53 ± p21 connection (which is as yet not defined in Drosophila), allows it to upregulate the necessary targets to achieve a desired response. Based on the degeneracy of the p53 response element there may be at a minimum several hundred bona fide p53 effector genes. Moreover, in considering targets of p53 that are directly upregulated, the most attractive effectors are ones with a plausible mechanism of action, i.e. targets which can be linked to the caspase machinery of cell death.
How does p53 cause cell death? There is very good evidence that caspase 9 and APAF1 are crucial late downstream effectors of the p53-regulated cell death response. 62 Such studies suggest that at least in some cell types, e.g. embryonic fibroblasts that also express E1A and ras, the p53-dependent death signal ultimately travels through the mitochondria leading to formation of the apoptosome. Recent studies have identified certain melanoma tumor cell lines with reduced expression levels of APAF1, and showed that the re-expression of APAF1 by the use of 5'-azacytidine could resensitize cells to the apoptotic effects of DNA damaging chemotherapeutic agents. 63 APAF1 has also been recently described as a p53 target gene. There is also good evidence that that p53 directly controls death-inducing genes that can directly promote cytochrome c release (proapoptotic Bcl2 family members Bax and Bak, and inhibitors of anti-apoptotic Bcl2 family members Noxa, p53AIP1 and PUMA), as well as death-inducing genes of the death receptor class (Fas and KILLER/DR5; PIDD is a death-domain containing protein but which does not appear to be a receptor). 1,9,37,51,64 ± 69 A p53-dependent increase in death receptor expression is potentially a mechanism by which cells may be more effectively killed by the immune system, and it appears to be a mechanism for enhanced killing of cancer cells exposed to death-inducing ligands plus cytotoxic agents or radiation.
9,70 ± 75 Activation of death receptors such as Fas or KILLER/DR5 leads to recruitment of the adaptor FADD and the initiator caspases 8 and 10 to the cell membrane. 8, 76 Through induced proximity, caspases 8 and 10 become activated and can then trigger the caspase cascade. Downstream of caspase 8 is Bid, which can be cleaved and translocate to the mitochondria to trigger cytochrome c release through interactions with Bak or Bax. There is evidence that both caspases 8 and 9 are cleaved in response to p53 and that p53-dependent apoptosis can be blocked by inhibitors of caspase 8 or caspase 9, i.e. cFLIP or C8I, and BclX L or C9I, respectively. 77, 78 The available evidence thus far suggests that neither Fas nor Bax is required for p53-dependent cell death. 79, 80 However, because they are induced they may contribute to cell death under such situations. Bax appears to be important for neuronal cell death and the deficiency in cell death is much more pronounced if Bak is also deleted. 68, 81, 82 It is noteworthy that Bax/Bak double-null mice, although deficient in DNA damage-induced cell death, do not develop tumors like the p53-null mice. There is recent evidence that Figure 3 Pathways downstream of p53 that can cause cell death. In response to apoptotic signals, p53 protein is stabilized and activated resulting in transcriptional activation of multiple target genes that cause apoptosis of cells. These include death receptors such as Fas/APO1 or KILLER/DR5, or proteins that act more directly on caspase activation including Bax, Bak, Noxa, PUMA, AIP1, and APAF1. Death receptors contain extracellular cysteine-rich ligand-binding domains (CRD) and intracellular death domains (DD). Other targets including PIDD and PIG genes have been found to be activated by p53. PIG genes lead to the generation of reactive oxygen species (ROS) which are toxic to cells. The initiator caspases involved in p53 signaling of death include caspases 8 and 9, whereas the downstream executioner caspases include caspases 3, 6, and 7. Inhibitors of p53-dependent cell death include Bc1-X L and FLIP, which act on cytoplasmic or mitochondrial pathways of death activation suggests a preferential tissue-specific upregulation of KILLER/DR5 in the spleen and gastrointestinal tract, as compared to Fas and Bax. 78 Such tissue-specific induction may be a clue that for a novel drug development strategy. Specifically, it would be expected if a particular effector of p53-dependent apoptosis is favored in a given tissue that targeting its inhibition may reduce toxicity in response to chemo-or radiotherapy. Such strategies are underway as the determinants of KILLER/DR5-induced death signaling and their loss in tumors is unraveled. 83 The idea that blocking the p53 response to reduce toxicity is not novel. 84 The novelty of the tissue-specific p53 response is to block specific targets favored in a particular tissue that is highly susceptible to toxicity. The potential target described here is the p53-favored KILLER/DR5 upregulation in the gut 78 which is highly sensitive to radiation. Blocking KILLER/DR5 may not inhibit radiationinduced killing in other tissues but may reduce toxicity. This in only a hypothesis at present, and it is possible there may be other targets of p53 in gut that mediate toxicity or which may substitute for KILLER/DR5. None-the-less, current efforts to generically block p53 function do look promising in terms of reducing the toxicity of radiotherapy or chemotherapy. Use of the compound Pifithrin has allowed mice to survive a lethal dose of ionizing radiation without developing tumors. 3 Recently, efforts have begun to be directed at developing a Pifithrin-containing cream that may block the undesired side-effect of chemotherapy leading to hair loss in cancer patients. 85 Utilizing the TRAIL pathway in p53-targeted and p53-independent cancer therapy Interest in the TRAIL pathway intersected with the p53 pathway in 1997 when the proapoptotic TRAIL receptor KILLER/DR5 was cloned from a subtractive hybridization screen as a DNA damage-inducible p53-regulated gene. 8, 86, 87 Recent work has identified p53 response elements in the human genomic KILLER/DR5 locus, and the p53-dependent regulation of KILLER/DR5 appears to be conserved in the mouse. 88, 89 TRAIL is also of great interest to cancer biologists because of its ability to cause cell death of transformed and cancer cells, but not most normal cells 8 ( Figure 4) . The resistance of normal cells to the cytotoxic effects of TRAIL appear to be in part mediated by high surface expression of TRAIL decoy receptors that compete for binding to the ligand and reduce activation of the death signal through the proapoptotic TRAIL receptors. 10 Some normal cells also appear to express high levels of cellular FLIP, the Fliceinhibitory protein that is also overexpressed in some cancers. 10 Recent work on elucidating the signaling pathway downstream of TRAIL receptors has provided good evidence for the involvement of the FADD adaptor and caspase 8 as the initiator caspase. 90 A number of studies have evaluated the sensitivity of human tumor cells to the cytotoxic effects of TRAIL. It is clear that not all cancer cells are sensitive to the killing effects of TRAIL. 10 Correlations between loss of DR4 Neuroblastomas can become resistant to TRAIL through hypermethylation of caspase 8 which may be reversed by exposure to 5-aza-Cytidine. Chemotherapy or radiation can be combined with TRAIL to achieve synergistic cell killing, in part through p53-dependent upregulation of KILLER/DR5 expression expression and elevated cellular FLIP expression as independent predictors of TRAIL resistance have been made in some studies. 10 A recent study has identified hypermethylation of caspase 8 as a mechanism of inactivation in neuroblastomas leading to TRAIL resistance which could be reversed by exposing cells to the demethylating agent 5-azacytidine. 91 Loss of DR4 expression through homozygous deletion resulting from translocation events was observed in the aneuploid FaDu nasopharyngeal cancer cell line. 92 FaDu cells which are resistant to TRAIL were partially sensitized through exogenous expression of wild-type DR4. DR5 mutations have been described in head and neck, lung and breast cancer. 93 ± 95 A truncating mutation in the death domain was found in head and neck cancer and a number of mutations in the death domain were observed in lung and breast cancer, leading to loss of function. These studies support the notion that the proapoptotic TRAIL receptors are candidate tumor suppressor genes. Recent work has provided evidence for TRAIL production by endogenous natural killer cells in a pathway stimulated by g-interferon.
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Blockade of TRAIL through the use of a blocking antibody was shown to lead to substantial effects on increasing tumor xenograft growth consistent with the idea that TRAIL may be a tumor suppressor in vivo. Further support for this pathway is suggested by experiments showing that the TRAIL receptor KILLER/DR5 is also upregulated in g-IFNtreated cells. 97 Yet other support for the idea that TRAIL receptors may be involved in suppressing tumors is suggested by a recent study that has identified a higher frequency of certain polymorphisms in the DR4 gene in the germline of individuals who developed cancer as compared to individuals without cancer. 98 Preclinical studies utilizing TRAIL have provided in vivo evidence for exogenous recombinant TRAIL efficacy in suppressing tumor growth. 99 Moreover, it appears that TRAIL efficacy can be increased in wild-type p53 expressing cells through the combined use of DNA damaging chemotherapeutics or ionizing radiation. 8,70 ± 75 This is believed to be due to the p53-dependent upregulation of the TRAIL receptor KILLER/DR5 following DNA damage. A direct test of this hypothesis was recently performed by showing inhibition of cell death due to the combination of p53 overexpression (delivered by adenovirus) and TRAIL through the use of a soluble extracellular domain of the KILLER/DR5 receptor to compete with TRAIL binding to the upregulated DR5. 11 While it is clear that TRAIL is effective in killing mutant p53-expressing cancer cells and as such is a promising agent, the increased efficacy realized by activation of the p53 pathway may have therapeutic utility versus certain tumors. Other strategies under development include the combination of TRAIL with g-IFN, 96 or enhancement of cell killing through cell cycle modulation. 100 Some studies have observed that recombinant human TRAIL may be toxic to some normal human or mouse cells. 101, 102 However, recent studies have suggested that not all preparations of TRAIL are equally toxic to normal human cells. 103 It was reported that untagged full-length human TRAIL binds reversibly to liver cells whereas tagged-TRAIL which is crosslinked using an antibody binds irreversibly. The kinetics and molecular basis for these differences are still under investigation, as well as the ultimate impact of reversible versus irreversible TRAIL binding on cancer cell death in terms of efficacy. One study has provided evidence for cell-type specific effects of TRAIL in killing normal or cancer cells. 77 It was suggested that a potential approach to reduce the toxicity of TRAIL towards some normal cells may employ caspase 9 inhibitors which appear to protect Type II cells while permitting death of Type I cells. 77 Such strategies may have a role in the design of trials for systemic use of TRAIL, as they allow the killing of Type I cancer cells while protecting normal cells that appear to die by a Type II mechanism. The prolongation of survival of Type II cells through the use of caspase 9 inhibitors was shown in longterm assays, suggesting that a brief exposure to TRAIL may not lead to irreversible events at the level of the mitochondria. The current evidence does support the idea that like Fas, TRAIL may kill cells by alternative pathways, i.e. Type I or Type II. Further studies on the molecular basis for these differences may provide novel targets for drug development.
Pharmacological restoration of p53 function in mutant p53-expressing cells
Screening for agents that could restore p53 function in cells with mutated p53 led to the identification of a class of bifunctional compounds that recover a wild-type epitope within the DNA binding domain of p53. 4 The lead compound, CP-31398, was shown to restore transcriptional activity to mutant p53 transfected into p53-null cells. 4 CP-31398 was shown to inhibit tumor xenograft growth in mice without appreciable toxicity.
Further studies of this compound are ongoing, but preliminary results indicate that most cancer cells exposed to CP-31398 undergo apoptosis. 104 A minority of cell lines undergo cell cycle arrest prior to the apoptosis, or cell cycle arrest exclusively. Interestingly, CP-31398 appears to stabilize wild-type p53 protein, at higher doses. 104 This drug appears to alter global gene expression patterns in a manner suggestive of effects on p53 targets as well as targets not known to be regulated by p53 or DNA damage. One proposed future direction might involve performing array screens with derivative compounds in an attempt to improve the specificity for mutant p53. This class of drugs is very interesting because of their unique mechanism of action and potential to treat cancers with mutant p53, and the potential exists for combining these agents with classical chemotherapies or TRAIL.
Conclusion and future prospects
Understanding the cell death pathways induced by p53 activation or engagement of death receptors by the TRAIL ligand is leading to novel strategies for therapeutic design in cancer. In particular, the emerging complex phenotypes involving cell-and tissue-specific signaling events is suggesting possible ways in which to shift the balance in favor of cancer cell death and against normal cell death to widen the therapeutic window. The p53 and TRAIL signaling pathways represent ideal targets for therapeutic development because of their relevance to cancer cell apoptosis and the numerous potential ways in which to intervene and modulate death responces and toxicity. Ultimately cancer therapy may become individualized at the molecular level, perhaps through the use of microarrays, 105 and such approaches may identify specific targets in the death pathway whose induction or inhibition would improve therapeutic outcome.
